Abstract: Acetylenic phosphaalkenes (APAs) are used as an ovel type of ligands for the stabilization of gold nanoparticles (AuNP). As demonstrated by avariety of experimental and analytical methods,both structural features of the APA, that is,t he P = Ca sw ell as the C Cu nits are essential for NP stabilization. The presence of intact APAs on the AuNP is demonstrated by surface-enhanced Raman spectroscopy (SERS), and first principle calculations indicate that bonding occurs most likely at defect sites on the Au surface.A uNPbound APAs are in chemical equilibrium with free APAs in solution, leading to ad ynamic behavior that can be explored for facile place-exchange reactions with other types of anchor groups such as thiols or more weakly binding phosphine ligands.
Gold clusters at the nanoscale are generally stabilized by ac oordinating ligand shell. [1] Over the last years,t here has been af ocus on the development of novel anchoring groups for molecule-gold junctions that can overcome the insulating character of thiols which have traditionally been used in the context of molecular electronics. [2] As ageneral theme,these novel anchoring groups bind to the surfaces through ab ond that is orthogonal to aconjugated p-system. Recent examples of this strategy include the grafting of sp-hybridized acetylene termini directly onto AuNPs or flat gold surfaces (type A, Figure 1 ), [3] or the direct anchoring of phenyl (sp 2 ,type B) and benzyl groups (sp 3 ,t ype C) onto Au substrates,t he latter providing very efficient communication on the basis of ahyperconjugative interaction. [4] Owing to the close relationship between phosphorus and carbon, [5] also phosphorus-based ligands would most likely constitute promising candidates for this type of application, in particular as l 3 s 2 -phosphanes contain al one pair for Au binding,a sw ell as an orthogonal p-system that provides an alternative communication pathway.Stabilization and coating of defined gold clusters (e.g., eleven gold atoms) [6] and small nanoparticles (up to 1.5 nm) have hitherto been mostly limited to saturated l 3 s 3 -phosphanes (e.g., triphenyl phosphine,type D). [7] To the best of our knowledge,t he only example of using unsaturated phosphanes,namely l 3 -phosphinines (type E), as ligands for AuNP stabilization is areport by Le Floch and coworkers. [8] Interestingly,t hese ligands induced as ignificant redshift of the surface plasmon resonance (SPR) compared to thiol-or phosphane-coated AuNPs, [8b] supporting the notion that sizeable communication operates across the AuÀ P phosphinine junction. Structural integrity of the surface-bound phosphinines is however debated in view of as olid-state MAS-NMR spectroscopic study. [9] With our interest to explore low-valent phosphoruscontaining systems for molecular electronics applications, [10] we were intrigued by the possibility to use phosphaalkenes as conducting anchoring groups on Au surfaces.T he inherent instability of phosphaalkenes has presumably kept many researchers from using l 3 s 2 -phosphanes for these kinds of purposes.T his obstacle is easily met through kinetic stabilization provided by P-bound Mes* groups (Mes* = 2,4,6-(tBu) 3 C 6 H 2 ). However,steric protection of the P = Cunit could also impede strong binding of the phosphorus center to the Au surface.T he present paper is the first report that shows that l 3 s 2 -phosphanes in the form of phosphaalkenes can stabilize AuNPs,a lbeit only when in conjunction with acetylenes.E xperimental observations,s pectroscopic data, and theoretical evidence are presented to show that both structural features of acetylenic phosphaalkenes,t hat is,t he P = Cand the C Cunits are required in acooperative fashion for AuNP stabilization.
Initial attempts to prepare and stabilize AuNPs by the use of simple phosphaalkenes (PAs) such as 1-3 ( Figure 2) following protocols based on various literature-known preparations of AuNPs were not met with success.F or example, the reduction of HAuCl 4 in av ariety of solvents utilizing either potassium naphthalide,9 -BBN,o rE t 3 SiH [11] in the presence of 1 to 3 ( Figure 2 ) did not afford any NPs.However, the picture changes dramatically when an additional acetylene unit is introduced at the phosphaalkene moiety and one of the resulting acetylenic phosphaalkenes (APAs) 4-7 are employed during NP fabrication. Fore xample,f ollowing ap rocedure by Wallner et al., [11b] am ixture of HAuCl 4 and C,C-diacetylenic phosphaalkene 7 [12] was reduced with Et 3 SiH and AuNP formation was apparent from the immediate appearance of adark red SPR. [13] Forthe determination of the factors that govern NP fabrication, it was necessary to confirm that NP stabilization proceeded through the P = Cu nit, and not through acetylides (similar to type A, Figure 1 ) that could arise from desilylation of 7.T hus,f urther acetylenic phosphaalkenes 4, 5,a nd 6 [14] were screened for AuNP stabilization. In phosphaalkenes 5 and 6 the potentially reactive trimethylsilyl (TMS) group of 7 was replaced by robust substituents to avoid undesirable protodesilylation reactions. All phosphaalkenes that contain an additional acetylene unit in trans position to the Mes* group facilitate stable AuNP formation. [15] Further control experiments to demonstrate the coordinating role of the phosphaalkenes in 4-7 were conducted with all-carbon-based acetylenes (8)a nd ene-diynes 9-11.I na ll cases,t he addition of reducing agents after varying mixing time did not lead to the formation of any AuNPs.T hese experiments clearly indicate that the P = Cdouble bond plays ac rucial role,j ustifying the assumption that coordination toward the AuNP surface involves the phosphorus lone pair, despite the steric demand of the Mes* group.A tt he same time,t he experiments strongly point toward as econdary interaction between Au and the acetylene p-system.
To verify the Au-coordination to the P = Cmotif,molecular AuCl complexes of 1 and 7 were prepared and further tested for their suitability for AuNP preparations.A u I Cl complexes of 1 and 7 were prepared from [AuCl(tht)] (tht = tetrahydrothiophene). [16] X-ray crystallographic analysis (Figure 3 ) of two complexes shows the expected coordination of the gold atom to the phosphorus lone pair for both the acetylenic and the dibromo phosphaalkene.B oth complexes exhibit short bonds ([AuCl (7) With [AuCl(1)] and [AuCl(7)] in hand, it was tested whether they could be reduced further to form AuNPs having already precoordinated ligands. [17] Similar to our observations with free ligands,c omplex [AuCl(7)] yielded stable AuNPs, whereas [AuCl(1)] was found incompatible with NP formation. Hence,i ti sc lear that the success of the AuNP fabrication depends on the molecular structure of the stabilizing molecule,a nd cannot be altered by precoordination of the ligand to AuCl. TheA uNPs prepared from [AuCl (7) ] are identical to those prepared from neat 7 with respect to all characterizations described below.Noteworthy, ad isplacement of ligands was not observed using additional PMe 3 or PPh 3 ligands during the synthesis,but rather resulted in nonstabilized gold precipitates. 1 Ha nd 31 PNMR spectra of the crude APA-stabilized AuNPs (see the Supporting Information, SI) only show the presence of excess free ligand, but no signals that could be attributed to ligands on the AuNP surface. [18] Theabsence of signals that can be assigned to surface-bound APAs is perhaps not surprising,c onsidering their generally low concentration and the expected dramatic line broadening. [19] TheA PAstabilized AuNPs could be purified by removal of all volatiles under reduced pressure,followed by extensive washing of the (7)] (right) at probability levels of 50 %and 30 %, respectively.
Angewandte
Chemie precipitate with cold methanol (3 50mL). Ther emaining dark red solid can be quantitatively redissolved in common organic solvents such as benzene and THF without any change or loss of color.C onsistent with the results from the crude reaction mixtures,N MR spectra ( 1 H, 31 P) show the absence of any detectable signals.H owever,a nd most interestingly,asignificantly reduced stability of the purified AuNP solution is observed. While the crude reaction mixture, as well as the solid AuNPs,a re stable over months,s olutions of purified AuNPs show precipitation of elemental gold and ac oncomitant complete loss of color within af ew hours.W e attribute this behavior to ac hemical equilibrium between AuNP-bound ligands and free ligands in solution. In the presence of excess ligand as is the case before purification, asufficient amount of APAs are NP-bound to guarantee NP stabilization. Purified AuNPs are depleted of excess free ligand, and re-establishing the equilibrium leads to as ignificant reduction of surface-bound APAs and, concomitantly, NP decomposition.
Theo bserved equilibrium between surface-bound ligand and free ligand in solution is an indirect proof that the molecular integrity of the APAs is maintained under the conditions for AuNP formation and that intact APAm olecules are bound to the surface of the AuNP.Adirect spectroscopic proof of intact ligands on the AuNP surface was obtained by surface-enhanced Raman spectroscopy (SERS). Our measurements clearly show the presence of acetylenic phosphaalkenes with bands at 2107 and 1207 cm Moreover,weexplored the possibility to replace the labile APAligands by means of place-exchange reactions.Hence,an excess of aryl thiol (benzene thiol or 1,2-benzene dithiol) was added to af reshly prepared AuNP [6] s olution. Successful exchange was confirmed by means of SERS after purification of the nanoparticles.E xchange reactions with trimethyl phosphine resulted in ac omplete loss of color indicating that an excess of strongly binding phosphine ligands leads to NP decomposition. Thed ecomposition of the AuNPs is initiated by ad ecolorization of the solution followed shortly after by the precipitation of elemental gold which indicates the rapid formation of nonstabilized gold aggregates.I nterestingly,h owever,w ew ere able to perform such exchange reactions with weakly binding triphenyl phosphine ligands.
Thes ize determination by transmission electron microscopy (TEM) shows an average AuNP size of 7.9 to 9.8 nm for the different preparations ( Figure 5) . Irrespective of the employed APAa nd the preparation method, both the size and their SPR are very similar. Interestingly,w eo bserve extensive formation of mainly Au(111) facets for these nanoparticles.H owever,t here are also some Au(002) facets and some disorder areas found. TheS PR exhibits its maximum between 520 and 530 nm, which is slightly shifted compared to similarly sized AuNPs with citrate,thiol, amine, or triphenylphopsphine ligands. [20] Theo bserved redshift of the SPR is af irst indication of interactions between the Au atoms and their coating molecules,a lthough this interaction seems less pronounced compared to that of the strongly electron-withdrawing phosphinines (type E, Figure 1 ).
Beyond that, we were interested in understanding the surface adsorption by modeling APA 4 on gold surfaces (Table 1) . We explain the coordination of phosphaalkenes by defect sites of the Au(111) lattice planes that were indicated by electron microscopy.I nc ontrast to pristine Au(111) surface,a dding al ow-coordinated gold atom leads to short AuÀPb onds of 2.36 a nd hence gives rise to as ignificant binding of ca. À24 kcal mol À1 .The additional gold atom serves as am ediator of this interaction to the substrate,w hich presumably is of dative character.Direct binding of APA 4 to Au(111) is unlikely to contribute to AuNP stabilization as the AuÀPb onds are significantly elongated ( % 4.1 ) and the association energies are slightly positive (ca. 0.5 kcal mol À1 ). Notably,t he bond lengths within the phosphaalkene moiety do not differ significantly from those calculated for isolated compounds.A ss hown in Figure 6 , bonding interactions of APA 4 extend into the triple bond giving rise to dominant bonding interactions between {Au,C1} (3.87 ) and {Au,C2} (4.50 , for further details of this interactions see the SI).
In summary,w er eport the preparation of uniform facetrich gold nanoparticles (AuNPs) with C-acetylenic phosphaalkene ligands in as ize regime of ca. 8-10 nm. Stability arises through coordination of the phosphorus lone pair and is further enhanced by the pendant acetylenic unit. Our experimental findings are supported by surface-enhanced Raman spectroscopy (SERS) and theoretical calculations.I n contrast to thiol ligands,weo bserve afast dynamic behavior of APAl igands in solution. Such weakly bound ligands are highly warranted in applications that need organic solvent conditions and that require facile place exchange with other types of anchor groups such as thiols or weakly binding phosphanes.T his novel class of gold nanoparticle ligands provides afacile synthesis of monodisperse AuNPs as simple precursors for subsequent exchange reactions with thiolate or weakly binding phosphane ligand systems.
